2. We used multivariate autoregressive models with detailed time-series data from largely 28 freshwater and brackish regions of the upper San Francisco Estuary to assess the 29 connectance, topology, direction and strength of trophic interactions following major 30 invasions and establishment of non-native zooplankton in the early 1990s. We 31 simultaneously compared the effects of fish and clam predation, environmental 32 temperature, and salinity intrusion using time-series data from > 60 monitoring locations 33 and spanning more than three decades. 34 3. We found changes in the networks of biotic interactions in both regions after the major 35 zooplankton invasions. Our results imply an increased pressure on native herbivores; 36 intensified negative interactions between herbivores and omnivores; and stronger bottom-37 up influence of juvenile copepods but weaker influence of phytoplankton as a resource 38 for higher trophic levels following the invasions. We identified salinity intrusion as a 39 primary pressure but showed relatively stronger importance of biotic interactions for 40 understanding the dynamics of entire communities. boundaries and disrupt ecosystem function, such as biogeochemical cycling (Atwood et al. 2013 ) 67 or distribution of toxic compounds (Stewart et al. 2004) . Quantifying the strength of biotic 68 interactions modulated by multiple perturbations in diverse natural communities and over large 69 spatial and temporal scales has become a key challenge for community ecology and conservation 70
biology. 71
Estuaries are complex ecosystems that lie at the interface of ocean, terrestrial and 72 freshwater systems and their biotic communities are adapted to great variation in environmental 73 conditions such as oxygen, temperature and salinity (Elliott & Whitfield 2011) . Global threats to 74 estuarine community structure, function and services result from the large fraction of the world's 75 human population living near estuaries (Lotze et al. 2006) . Releases of ballast water from cargo 76 F o r P e e r R e v i e w 5 ships may be the world's largest invasion vector that can restructure entire ecosystems (Ruiz et 77 al. 1997; Seebens, Gastner & Blasius 2013) . Although estuarine communities are adapted to a 78 highly variable environment and therefore potentially resistant to certain anthropogenic pressures 79 (Elliott & Quintino 2007; Elliott & Whitfield 2011) , our understanding of their resistance to 80 species invasions is rudimentary. 81
The San Francisco Estuary is a coastal ecosystem that has been much modified by habitat 82 degradation, water harvesting, increased temperature, and a high ratio of non-native to native 83 species (Cloern & Jassby 2012) . This estuary, the largest on the US Pacific coast, provides many 84 ecosystem services and is one of the most biotically invaded estuaries in the world (Cohen & 85 Carlton 1998) . A series of invasions over the last four decades caused sharp declines of native 86 zooplankton, shifting species composition to a community resembling that of east-Asian 87 estuaries (Orsi & Ohtsuka 1999; Winder, Jassby & Mac Nally 2011) . These taxonomic shifts 88 potentially altered negative (competition, predation) and positive (facilitation) interactions within 89 and among trophic levels, with flow-on effects on food-web structure and dynamics. Previous 90 univariate analyses indicated the negative effects of the invasive bivalve Potamocorbula 91 amurensis (hereafter Potamocorbula) on phytoplankton, zooplankton, and several fish species 92 (Alpine & Cloern 1992; Cloern 1982; Kimmerer, Gartside & Orsi 1994; Kimmerer 2006) . In 93 addition to individual zooplankton invasions, there was a major simultaneous invasion of three 94 non-native copepod species that became established in the early 1990s and that dominated the 95 zooplankton assemblage thereafter (Orsi & Ohtsuka 1999; Winder & Jassby 2011) . The impact 96 of such simultaneous invasions on native assemblages is expected to be more severe than if each 97 of the species had invaded and established asynchronously (Simberloff & Von Holle 1999 (Mac Nally et al. 2010) . However, that study did not explore 104 interaction strengths among all zooplankton and phytoplankton functional groups and included 105 only chlorophyll-a as a proxy for total phytoplankton biomass. 106
Here, we focus on interactions among major phytoplankton and zooplankton functional 107 groups and relate these to pelagic fish biomass, seawater temperature, salinity intrusions and 108 biotic invasions. We employed detailed monitoring data sets for pelagic fish, zooplankton and 109 phytoplankton to compare the topology, directions, and strength of trophic interactions before 110 and after the establishment of non-native zooplankton (hereafter 'pre-invasion' and 'post-111 invasion' period respectively). We analyzed the shift in the interaction network from the pre-112 invasion period (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) to the post-invasion period (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) and the relative influence 113 of key covariates using multivariate autoregressive (MAR) models (Ives et al. 2003) . Our 114 specific goal was to explore whether, and how, the shifts in relative abundances of plankton taxa 115 (Winder & Jassby 2011) after the establishment of non-native copepods around 1993 altered the 116 importance of trophic interactions among the major plankton functional groups. We predicted 117 shifts in biotic interactions after the establishment of invasive zooplankton species. In particular, 118 we expected to detect stronger interactive effects of invasive predators and weaker effects of 119 native herbivores because of major abundance shifts within these functional groups (Winder & 120 Jassby 2011). We also predicted that salinity intrusions and the bivalves will influence plankton 121 interaction network as previous analyses showed these variables can strongly alter dynamics of 122 F o r P e e r R e v i e w 7 individual plankton groups (Kimmerer, Gartside & Orsi 1994 , Jassby et al. 1995 
Response variables and covariates 140

Zooplankton biomass 141
Zooplankton samples were collected using oblique tow nets (154 µm mesh size) or pumped 142 through a 64 µm mesh, bi-weekly or monthly (for details of the methods see Orsi & Mecum 143 1986) . We converted zooplankton densities to carbon biomass and calculated annual means 144 (Winder & Jassby 2011) to capture shifts in the long-term biomass of key functional groups (Fig.  145   1 Eurytemora affinis, and introduced Pseudodiaptomus spp., and Sinocalanus doerrii. We 157 characterize the group 'small predators' as zooplankton of smaller sizes (< 500 µm) that likely 158 derive carbon from the microbial pool, feeding on ciliates, flagellates, and some taxa also on 159 detritus and bacteria. This group is composed largely of introduced cyclopoids Limnoithona spp., 160
and Oithona davisae, and harpacticoids. The 'predators' include native Acanthocyclops spp. and 161
introduced Acartiella sinensis and Tortanus dextrilobatus which can reach ten times the 162 individual body mass of the 'small predators' (Gould & Kimmerer 2010 ). This group is at the top 163 of the planktonic food web, largely feeding on other zooplankton species (Hooff & Bollens 164 2004; York et al. 2013) . 165
166
Phytoplankton biovolume 167
The phytoplankton samples were collected with a submersible pump from 1 m depth. We used 168 phytoplankton abundance data from three locations in Suisun and three locations in the delta 169 region that have been sampled consistently. To obtain an estimate of phytoplankton biovolumes, 170 we used median values from direct measurements (IEP) or from published literature, and applied 171 median biovolumes for individual phytoplankton taxa to the entire time-series (Fig. 2) . Despite composition and food quality, which greatly affect resource availability for zooplankton, and 174 consequently is a better proxy of resource availability than chlorophyll-a. We aggregated the 175 data into high-quality (cryptomonads and diatoms) and low-quality (other taxa including 176 cyanobacteria, dinoflagellates, green algae, chrysophytes, euglenoids, synurophytes and 177 haptophytes) groups (Brett, Müller-Navarra & Park 2000) . 178
179
Biotic and abiotic covariates 180
We quantified the relative influence of four covariates that are predicted to have substantial 181 effects on plankton groups and potentially on their interactions. Two biotic covariates were: 
Relationships in the Suisun region 238
There appeared to be differences in the importance of biotic interactions and environmental 239 covariates in the pre-invasion and post-invasion time periods in Suisun (Fig. 3, Table 1 ). Prior to 240 the 1993 invasions, the biomass of omnivores was positively correlated with phytoplankton, 241 especially with high-quality food taxa, and negatively correlated with predators (Fig. 3a) . The 242 association between omnivores and phytoplankton was not evident after 1993. Instead, we found 243 negative reciprocal correlations between omnivore and herbivore biomasses (Fig. 3b) . Both 244 omnivores and herbivores were negatively associated with X 2 and predator biomass in the post-245 invasion Suisun (Fig. 3b) . Predator biomass was positively associated with omnivore biomass 246 after 1993, but not before (Fig 3) . There was some evidence of reciprocal positive associations 247 between omnivores and nauplii after 1993, but these relationships had weak support (OR = 2.9). 248
There was no evidence of omnivore-nauplii associations before 1993. Biomasses of copepod 249 nauplii were negatively related to Potamocorbula abundance, and low-quality phytoplankton 250 was negatively related to X 2 before, but not after, the invasions in 1993 (Fig. 3) . 251 Table 1 ). In the latter 253 period there was a shift toward negative correlation between omnivores and herbivores, an 254 increased negative effect of predators on herbivores and an increased positive effect of nauplii on 255 omnivores. We found a weakening of the negative effect of Potamocorbula on nauplii and a 256 strengthening of the negative effects of X 2 on herbivores and omnivores after 1993 (Table 1) . 257 258
Relationships in the delta region 259
There were fewer correlations among plankton functional groups, and fewer relationships 260 between plankton and environmental covariates in the delta region than in Suisun (Fig. 4 , Table  261 1). We did not find any associations between phytoplankton or nauplii and other zooplankton 262 groups in either time period, and all correlations among plankton groups in the delta were 263 negative. In the pre-invasion delta, there was strong support for negative effects of predators on 264 herbivores, small predators on nauplii, and omnivores on small predators (Fig. 4a ). Nauplii were 265 positively correlated with X 2 before 1993 (Fig. 4a) . None of these relationships was evident in 266 the delta after 1993. 267
In the post-invasion delta, predators were positively associated with X 2 , while herbivores 268 were negatively associated with omnivore biomass (Fig. 4b ). This last coefficient had marginal 269 support (OR = 3.1). Direct comparison of model parameters for the pre-and post-invasion 270 periods (deviations in Table 1 ) suggest reduced influence of small predators and X 2 on nauplii, 271 and an increase in the positive effect of X 2 on predators. 272
There was little evidence to suggest that pelagic fish or water temperature affected the 273 plankton communities in either region or time period (Figs 3, 4) . 274 In general, there were fewer statistically important associations and the shift in the 316 plankton network structure was less apparent in the delta region than in Suisun. This may be due 317 to the different taxonomic composition of individual functional groups and the lower densities of 318 predatory copepods established in the delta after 1993. Furthermore, plankton dynamics can be 319 more strongly driven by the changes in the freshwater flow, water clarity, and ammonium 320 F o r P e e r R e v i e w discharges in the delta than in the Suisun region. Greater strengths and numbers of potential 321 negative interactions in Suisun than in the delta suggests that changes in a particular functional 322 group, such as nauplii, could potentially cascade to other components of food webs. 323
Our results suggest a strong effect of the isohaline index X 2 on community structure in 324 both regions, which has been reported elsewhere (Jassby et al. 1995; Mac Nally et al. 2010 ; 325
Winder, Jassby & Mac Nally 2011). Given that X 2 represents principally the response of the 326 salinity field to freshwater flow into the estuary, and species are distributed spatially along a 327 salinity gradient, association with X 2 can be understood as a consequence of interannual 328 movement of the plankton across the delta -Suisun boundary. X 2 in the post-invasion Suisun 329 was negatively correlated with herbivores and omnivores that may have narrow salinity ranges 330 Other covariates appeared to have little effect on plankton community structure in both 345 regions. Abundance of fish was unrelated to zooplankton community dynamics, which is obvious 346 also from the independent dynamics of these groups after a steep drop in production of pelagic 347 fish in the early 2000s (Thomson et al. 2010) . We found no evidence that water temperature 348 affected the plankton community, but other temperature-related variables, such as variability or 349 the frequency of extreme temperatures, may be also relevant and warrant further investigations. Despite the weak influence of the priors, few significant relationships showed opposite 357 directions, so that our findings are largely consistent with the previous knowledge about the 358
system. 359
We used time-series data aggregated annually and across large geographical areas (about 360 1000 km 2 ) to remove the effect of seasonal events (e.g., Micheli 1999) and to focus our analysis 361 on long-term trends of plankton dynamics across the regions. Therefore, some short-term or 362 locally important interactions may not have been detected. The MAR analysis assumes linear 363 relationships (on the log-scale), so any non-linear relationships may not have been revealed (Ives 364 et al. 2003) . Despite these limitations, our results suggested several relationships, some 365 
covariates. 367
The establishment of three dominant zooplankton species around 1993 was not an 368 isolated event and individual invasions have occurred throughout the time-series. Nevertheless, 369 this simultaneous establishment of invasive copepods was followed by major shifts in the 370 relative species abundance within the functional groups and in the relative importance of the 371 functional groups within the entire plankton community (Winder, Jassby & Mac Nally 2011; 372
Winder & Jassby 2011). Our results imply that these changes, in combination with other human-373 induced perturbations, have the potential to modify the network of biotic interactions. We 374 identified that herbivores are the functional group most affected by negative interactions and 375 their loss may have cascading effects on biodiversity, in particular in the Suisun region. This 376 system likely shifted towards a nutritionally inferior phytoplankton and detrital-based food web, 377 with potential nutritional consequences for secondary consumers. The importance of some 378 environmental covariates shifted between the two time periods, although there appeared to be a 379 relatively stronger influence of biotic interactions than any of the covariates. 380
There are few studies that investigate changes in the biotic network structure following 381 invasions of non-native species. Recent exceptions that focused on the complex plant-pollinator 382 networks in terrestrial systems found no effect of invasive species on overall connectance (the 383 Walther, G.R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T.J.C., Fromentin, J. 'Expected' directions of the interactions (+ positive, -negative, ? unknown, P0 probably zero, 0 560 zero with high certainty) were specified in the prior probabilities and prior odds were set to 3. 561 'Deviations' represent Δߚ from the eq. 4 and indicate substantial changes in relationships from 562 pre-invasion to post-invasion period. Odds ratio (posterior odds / prior odds) is expressed as 1/G 563 for results that were contrary to expectation (G represents odds ratio for the unanticipated result). Kendall test b = -6.83% year -1 , n = 33, P < 0.001) and omnivore (b = -4.68% year -1 , n = 33, P < 573 0.001) biomass. Biomass of predators (b = 6.13% year -1 , n = 33, P < 0.001) and small predators 574 (b = 3.71% year -1 , n = 33, P = 0.001) in Suisun increased. Zooplankton community in delta 575 experienced continuous declines in herbivore (b = -3.82% year -1 , n = 33, P < 0.001) and 576 increased in omnivore (b = 2.30% year -1 , n = 33, P = 0.008) biomass. 577 Changes in the relationships from the pre-invasion to the post-invasion period (i.e., deviations) are Δߚ . We included the effects of the K covariates u k through α-coefficients, for the current year t, which were also allowed to differ after the invasions:
Bayesian estimation of the MAR model
We used Bayesian methods to estimate the model because measurement uncertainties can be incorporated using hierarchical models and sporadically distributed missing data are handled easily within the same process by which the parameter estimates are made.
Equation (4) These were included by the use of (ln-transformed) unobserved values ‫ݔ(‬ ,௧ ) and observation errors, ߱ ,௧
ଶ . The observation errors were estimated from standard errors (SEs)
of mean values for the response variables for each time period. The ‫ݖ‬ ,௧ were lntransformed, so we used the first term of a Taylor functional expansion to approximate the ln-transformed SEs ሾܵ‫ܧ‬ሺln ሺ݊ തሻሻሿ ൎ ܵ‫ܧ‬ሺ݊ തሻ/݊ തሿ (Seber 1973; Stuart & Ord 1987) . 
Prior probabilities and parameter inference
For the important ecological parameters, ߙ and ߚ , we used both informative (offset normal) and uninformative (standard normal) priors. The offsets were ܰሺ0.675,1ሻ and ܰሺെ0.675,1ሻ for expected positive and negative relationships; these values invest a c. 3:1 prior probability mass in favor of the expected influence. While there are plausible intraspecific density-dependencies in plankton dynamics over short periods of time (e.g., phytoplankton spring bloom), here we assumed no interannual intraspecific density dependence within the plankton groups: ߜ ~N (0, 10 -3 ). Several of the possible relationships were specifically excluded from the model (i.e., deemed unlikely to be important). For such relationships, coefficients were assigned N(0, 10 -6 ) priors (i.e., 0 with high certainty). For change parameters, ∆ߙ and ∆ߚ , we used 
Model convergence and adequacy
The model was estimated with three MCMC chains of 20 000 iterations after 10 000
iterations of burn-in ('model settling'), results for which were discarded. We checked for MCMC mixing and convergence using the boa package (Smith 2006) in R (R Development Core Team 2013). We determined the adequacy of model fit by using posterior predictive assessment (Gelman, Meng & Stern 1996) . This involves simulating samples from the ൫ߤ ,௧ , ߪ demonstrated that posterior predictive assessment was 0.14 for Suisun and 0.18 for the delta, suggesting that the data plausibly could be generated from the parameters and structure of the models.
We determined the relative importance of the autoregressive (A), among-focal group (F), and covariate (C) components in the model. We calculated the R 2 for eight models: null (fitting constant-only averages for the focal group variables), A, F, C, A + F, A + C, F + C, A + F + C (full model). Values of R 2 for these models were estimated by omitting terms from eq. (5) 
